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Combined in-situ x-ray photoemission spectroscopy, scanning tunnelling spectroscopy and angle 
resolved photoemission spectroscopy of molecular beam epitaxy grown Bi 2 Te 3 on lattice mismatched 
substrates reveal high quality stoichiometric thin films with topological surface states without a 
contribution from the bulk bands at the Fermi energy. The absence of bulk states at the Fermi 
energy is achieved without counter doping. We observe that the surface morphology and electronic 
band structure of Bi 2 Te 3 are not affected by in-vacuo storage and exposure to oxygen, whereas 
major changes are observed when exposed to ambient conditions. These films help define a pathway 


towards intrinsic topological devices. 

PACS numbers: 79.60.Dp, 73.20.-r, 68.37.Ef, 79.60.-i 

Topological insulators (TIs) are materials with an insu¬ 
lating bulk interior and spin-momentum-locked metallic 
surface states as a result of a band inversion from large 
spin-orbit interaction^’^. Bismuth telluride (Bi2Te3) is 
one of the 3 D TI materials that has received a con¬ 
siderable amount of attention as a potential candidate 
for room temperature spintronics and quantum compu¬ 
tational devices^. However, despite significant progress 
in bulk preparation techniques of TI materials, growing 
high-quality bulk Bi2Te3 crystals with a low number of 
defects and without shunt conduction through the bulk 
of the material is still a major challenge. The bulk car¬ 
rier conduction complicates the direct exploitation of the 
remarkable properties of TI surfaces. 

Molecular beam epitaxy (MBE) is an established 
method for growing high-quality crystalline thin films of 
TIs with surface-dominated conduct ion^“^ . Using this 
technique, it has been possible to prepare thin films that 
are insulating in the bulk. By varying the growth pa¬ 
rameters and using substrates with negligible lattice mis¬ 
match, bulk insulating thin films of Bi2Te3 have been 
synthesized^”^. It would be good, on the other hand, 
to investigate the growth mode of high quality intrinsic 
Bi2Te3 films on lattice mismatched substrates and espe¬ 
cially on insulating substrates (with high relative dielec¬ 
tric constant), as these offer the prospect of strong, gate- 
induced modulation of the sample’s carrier density 

One of the current challenges, though, for realizing TI 
devices, is that grown films are often exposed to air dur¬ 
ing mounting of contacts or subsequent device fabrica¬ 
tion steps. This leads to possible shifts of the Fermi level 
which result in enhanced bulk conductance^To date, 
it is not well-understood how ex-situ contamination pro¬ 
cesses affect surface and bulk states of Bi2Te3 films so 
that precautions can be taken before taking them ex- 
situ for further investigations. Recently, it was shown for 
bulk-insulating Bi2Te3 films that pure oxygen exposure. 


at low pressure (10“^ mbar) has no significant influence 
on their charge transport properties^. Nevertheless, since 
most magnetotransport studies and fabrication processes 
are carried out in ambient conditions, it is good to under¬ 
stand the impact of oxygen at atmospheric pressure, ex¬ 
posure to air and other ex-situ contaminations. For these 
investigations, it is necessary to have high quality films 
since their inertness to oxidation, for example, depends 
on the amount of surface defects and grain boundaries. 

In this work, we first focus on optimizing our growth 
procedure in order to realize bulk insulating films 
grown on lattice mismatched^^ insulating substrates 
(AI2O3POOI] and SrTi03[lll]). Secondly, we perform 
a systematic in-situ characterization to investigate the 
effect of aging/degradation due to any vacancies or anti¬ 
site defects for films stored in-vacuo. Thirdly, our in-situ 
angle resolved photoemission spectroscopy (ARPES) ex¬ 
periments clearly reveal topological Dirac surface states, 
consistent with a linear increase in the density of states 
(DOS) measured by in-situ scanning tunneling spec¬ 
troscopy. Lastly, we study the effect of pure oxygen ex¬ 
posure at atmospheric pressure; and then the effect of 
ex-situ contamination in air. We use x-ray photoemis¬ 
sion spectroscopy (XPS) for the characterization and de¬ 
tection of any Te/Bi excess in our films, and we employ 
low temperature scanning tunnelling spectroscopy (STS) 
to acquire differential conductivity spectra for samples 
kept in-situ, then exposed to pure oxygen at atmospheric 
pressure and later to air. Our STS analysis is further 
confirmed by in-situ ARPES investigations at low tem¬ 
perature and room temperature for samples kept in-situ 
and later exposed to ambient conditions. 

Our spectroscopy data (STS and ARPES) reveal 
that the as-grown Bi2Te3 films on lattice mismatched 
insulating substrates possess an intrinsically topologi¬ 
cal electronic structure, meaning that the Fermi level 
only crosses the topologically non-trivial metallic sur- 
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FIG. 1 In-situ measurements of a 30 nm Bi 2 Te 3 film grown on AI 2 O 3 POOI]. (a) General scan. Only Bi and Te 
peaks are resolved, (b) and (c) High-resolution scans around the Te Sd and Bi 4/ main peaks, respectively . The red 
shaded zone shows the areas of the fitted peaks with the background (green line) removed. The upper red curve is 
the residual after Shirley background subtraction. 



face states. This is achieved without any counterdoping. 
Gombining in-situ and ex-situ spectroscopy and topogra¬ 
phy data, we find that in-situ storage in ultra-high vac¬ 
uum and (short) exposure to pure oxygen at atmospheric 
pressures leave the band structure at the surface unaf¬ 
fected whereas breaking vacuum and exposing the sam¬ 
ple surface to air results in notable changes in the surface 
band structure spectra and topography of the films. 

Thin films of Bi 2 Te 3 were grown on c-plane sapphire 
AI 2 O 3 POOI] and SrTi 03 [lll] (STO) substrates using 
MBE by co-evaporating high purity Te (99.999%) and Bi 
(99.999%) in a Te rich environment. The base pressure in 
the deposition chamber was lower than 5 x 10“^^ mbar. 
During deposition, the flux ratio Te/Bi was kept at about 
10 , the growth rate at ^ 4 A/min and the highest pres¬ 
sure recorded was 2.8 x 10“^ mbar. Before introducing 
the sapphire substrates in the MBE chamber, they were 
cleaned with acetone and ethanol in an ultrasonic bath, 
then annealed at 1050°C for 1 hour at atmospheric con¬ 
ditions. This cleaning procedure resulted in straight step 
edges and atomically flat terraces at the substrate sur¬ 
face, with a width of ^ 150 nm. Eor the STO [111] sub¬ 
strates, to achieve atomically flat surfaces before loading 
them into the MBE chamber, we used a method similar to 
that reported in Refs.^^’^^. In order to avoid disordered 
interfacial layers at the interfaces between our films and 
the substrate, we used a two-step temperature growth 
scheme^^’^^, which results in atomically sharp interfaces 
between the TI film and the substrate. The first nucle- 
ation layer was deposited at a temperature of 190°G, then 
slowly annealed to higher growth temperature of 230°C 
in order to improve the crystalline quality. The annealed 
layer was then used as a template for subsequent epitaxial 
growth of the second layer. Gompared to films grown in 
a one-step temperature scheme, we observe a much bet¬ 
ter quality for the two-step growth procedure in terms of 


a flat morphology, and considerably reduced number of 
3D growth defects. Similar significant reduction of 3D 
structure density has also been reported recently on two- 
step grown Bi 2 Te 3 films^^. To further improve the sur¬ 
face smoothness and quality of the films, we continued 
to anneal at 230°C for an additional 30 minutes; then 
cooled down to room-temperature at a rate of 3°/min. 
This growth procedure yields high quality Bi 2 Te 3 films. 
Using this growth procedure, we present in this study 
spectroscopy data of two samples of 30 and 20 nm grown 
on Al 203 [ 0001 ] and one 15 nm film grown on SrTi 03 
[ 111 ]- 

After growth, samples were characterized in-situ using 
XPS to investigate the surface elemental composition and 
stoichiometry. Samples were transferred to XPS without 
breaking ultra-high vacuum (UHV) conditions since the 
XPS system is connected to the growth chamber via a 
distribution chamber. The UHV conditions of this sys¬ 
tem ensure that films are free from ex-situ contamina¬ 
tion. Eigure 1(a) shows an in-situ XPS scan, where only 
Bi and Te peaks are resolved with no appearance of extra 
peaks such as carbon and oxygen as often seen in films 
exposed to atmosphere^^“^^ (see Eig. S2(a) in the sup¬ 
plementary information). This lack of other core level 
signatures is an indication of a clean surface, free from 
contaminations. The surface chemical stoichiometry was 
studied by fitting the area under the Te 3 ^ 5 / 2 , Te 3 ^ 3/2 
and Bi 4 / 7 / 2 , Bi 4 / 5/2 peaks. The ratio is determined to 
be 1.49 ± 0.05. Eigures 1(b) and (c) show these Te and 
Bi peaks, respectively, together with the Voigt function 
fits (after subtraction of Shirley background). The peak 
positions and their relative intensities are consistent with 
that of Bi 2 Te 3 samples reported in the literature^^’^^’^^. 

To further confirm the high crystalline quality of our 
Bi 2 Te 3 films after in-situ measurements (STM/STS and 
ARPES), we performed ex-situ x-ray diffraction (XRD) 
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FIG. 2 Topography of 30 nm Bi 2 Te 3 film grown on 
sapphire, (a) A scan of a 250x250 nm^ area showing 
smooth film terraces, (b) Line profile across a series of 
wide steps (blue line). The step height is ^ 1 nm. (c) 
Atomic resolution of a 6 x 2.6 nm^ area showing the 
surface tellurium atoms with a hexagonal crystal 
structure (right bottom insert). The secondary lobes are 
artefacts caused by a slight doubling of the STM tip. 


measurements, which confirmed that the films were 
grown with in-plane and out-of-plane lattice constants 
a = 4.34 A and c = 30.41 A, respectively. These lat¬ 
tice parameters are consistent with values reported pre¬ 
viously for Bi 2 Te 3 films^^’^^. From XRD measurements 
of films grown on AI 2 O 3 POOI] and STO[lll] substrates 
(see Fig. S3 in the supplementary information), in the 
20—uj scan only substrate peaks and the (0 0 3) of diffrac¬ 
tion peaks from the films are resolved; implying the films 
are aligned along the c-axis. From the rocking curves, the 
measured full width half maximum of the (0 0 6 ) peak are 
0.0414°(for films grown on sapphire) and 0.0417°(for films 
grown on STO), confirming the excellent quality of our 
films. Despite the lattice mismatch between Bi 2 Te 3 [001] 
and these substrates, smooth films had formed. This is 
because of the Van der Waals epitaxy^’^^’^^, which re¬ 
laxes the lattice-matching condition required for most 
common epitaxial growth of covalent semiconductors and 
their heterostructures. 

After in-situ XPS measurements, samples were subse¬ 
quently transferred to the low temperature STM cham¬ 
ber, which is not connected to the growth chamber. The 
transfer was done using a UHV suitcase equipped with 
a nonevaporable getter (NEG) pump^^ together with an 
ion pump. During the transfer process, the pressure re¬ 
mained lower than 2 x 10 “^ mbar. Once samples were 
transferred to the STM, its UHV conditions (in the 10“^^ 
mbar range) ensured that the film surface remained free 
from collecting further adsorbates for months. The in- 


situ STM/STS data were acquired at 77 K. Many to¬ 
pography and spectroscopy maps were taken at random 
positions on the surface of the film at a bias voltage and 
set-point current of +350 mV and 1 nA. The results 
were consistent with previously published STM studies 
on Bi 2 Te 3 ^^“^^. Figure 2(a) shows a typical STM im¬ 
age of the atomically smooth Bi 2 Te 3 surface. The cor¬ 
responding height profile across the surface is plotted in 
Fig. 2 (b). The step height of adjacent terraces is 10.3 A. 
This value is consistent with one quintuple layer^ (QL) of 
Bi 2 Te 3 since its stacking sequence along the [ 001 ] direc¬ 
tion is Te-Bi-Te-Bi-Te, forming a QL height of 1 nm. Fig. 
2 (c) shows an atomic resolution image of our Bi 2 Te 3 film 
surface, where the surface tellurium atoms are clearly ob¬ 
served exhibiting a hexagonal unit cell (see right bottom 
insert of Fig. 2(c)). The inter-atomic spacing of these tel¬ 
lurium atoms was determined to be 4.3 A, corresponding 
perfectly to the tellurium-terminated surface in Bi 2 Te 3 . 
No surface adatoms were observed, which is an indication 
of a clean surface of our high quality thin films. 

Now, we present spectroscopy data of Bi 2 Te 3 films. 
Figure 3(a) shows low temperature differential conductiv¬ 
ity curves of a 30 nm film grown on sapphire measured af¬ 
ter one day in the STM chamber (blue line), after 6 weeks 
in-situ storage (green) and later after being oxidized for 
10 minutes in 1 atm., pure O 2 (red). The spectra were ob¬ 
tained by numerical differentiation of many I-V curves^^ 
with setpoint parameters of V 5 = +350 mV at / = 1 uA. 
In this figure, Eb-bcb marks the bottom of the bulk con¬ 
duction band whereas Et-bvb 5 the top of the bulk valence 
band. Ep and Ed correspond to the Eermi level and Dirac 
point, respectively. Eb-bcb and Et-bvb are determined 
by the point where additional states appear with respect 
to the surface states, and by taking a literature value 
of ^ 210 meV for the band gap of Bi 2 Te 3 ^^’^^’^^. Erom 
these spectra, we find linearly increasing DOS, indicative 
of Dirac surface states residing in the bulk energy gap be¬ 
tween the bulk conduction band (BGB) and bulk valence 
band (BVB). Since the Dirac point is located in the BVB, 
by extrapolating this linearly increasing DOS, the Dirac 
point is approximately at 0.23 eV below Ep. The lin¬ 
ear part of the spectra exhibits a plateau appearing at 
around —50 mV. This latter feature is often attributed to 
the hexagonal warping of the surface band in Bi 2 Te 3 sam¬ 
ples and has been seen before in STS spectra of Bi 2 Te 3 
thin films and single crystals^^’^^’^^. A complete descrip¬ 
tion of a cubic warping term in the Hamiltonian for the 
Dirac cone is given in Ref.^^, the main parameter being 
A, which describes the strength of the hexagonal warping 
. When fitting the DOS of the warped Dirac cone to the 
kink feature in the data, we find that the warping alone 
is not strong enough (for reasonable parameter values) 
to explain the kink. Including a /c—dependent tunnelling 
probability, implying that the states with larger parallel 
momenta contribute less to the tunnelling current^^, does 
not significantly improve the fit. However, from ARPES 
measurements along the T — M direction, it is known that 
the Dirac cone bends outwards, as visible also in ab-initio 
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FIG. 3 (color on-line), (a) STM spectroscopy measurements at 77 K on a 30 nm Bi 2 Te 3 film (blue curve). Effect of 
storing films in-situ at P ^ 10“^^ mbar for weeks (red curve) and exposing them to pure oxygen (green curve). The 
inset shows calculated density of states as function of energy from the Dirac cone alone, (b) ARPES I{k,E) image 
around the T point of a 20 nm Bi 2 Te 3 film recorded at 17 K. The white dashed line indicates the position of the 
Eermi level, which is in the bulk band gap without bulk band contribution. Both samples were grown on sapphire 


calculations^^. Tight binding models exist that incorpo¬ 
rate this effect^, and it can also be included in the Dirac 
Hamiltonian by including a small negative mass term. 
Eor reasonable parameter values (see details in the sup¬ 
plementary information) that fit the ARPES dispersion 
curves well, a DOS was calculated as function of energy, 
shown in the inset of Eig. 3(a). These are the DOS from 
the Dirac cone alone. It is clear that the plateau feature 
can indeed be qualitatively understood on the basis of the 
outward bending of the Dirac cone along the T — M di¬ 
rection, and that it is not related to the bulk conduction 
band. These STS data are in agreement with previously 
published STS data on Bi 2 Te 3 ^^, and indicate that there 
are no bulk states present at Eermi level. 

To further confirm the presence of topological surface 
states without a contribution from the bulk bands at 
Ef and also verify larger scale homogeneity of the sur¬ 
face states, we also performed ARPES measurements on 
Bi 2 Te 3 films. After growth and XPS characterization 
(Eig. SI in the supplementary information), samples 
were stored in the UHV suitcase for three days and trans¬ 
ferred to an ARPES setup. The pressure in the UHV 
suitcase remained lower than 2 x 10“^^ mbar throughout 
this procedure. Eig. 3(b) shows a representative ARPES 
spectrum in the vicinity of the Eermi level of a 20 nm 
Bi 2 Te 3 film grown on sapphire around the P point. The 


spectra were taken at a temperature of ^17 K using a he¬ 
lium photon source of energy 21.2 eV. The characteristic 
‘V’-shaped surface state is clearly observed, confirming 
the presence of the topological Dirac cone surface state 
in our Bi 2 Te 3 films. The white dashed line shows the po¬ 
sition of the Eermi level, which lies well within the bulk 
band gap with no observable contribution of the bulk con¬ 
duction band at the Eermi energy. The Eermi velocity is 
hvp = 2.31±0.20 eV A which is consistent with previous 
ARPES studies^’^^ and theoretical calculations^. The 
Dirac point was measured to be at 0.24 eV below Ep, 
which is in good agreement with the STS measurements 
for the 30 nm thick Bi 2 Te 3 film shown in Eig. 3(a) and 
previously published ARPES data"^^. The fact that there 
are no bulk bands at Ep implies that electrical conduc¬ 
tion in these films is only due to the surface states^^, 
which is desirable for electronic transport experiments. 

Here, we emphasize that to stabilize the Eermi level 
in the band gap with no bulk bands at Ep, no counter¬ 
doping was necessary in our MBE-grown thin film sam¬ 
ples. Counter-doping reduces the surface mobility and 
adds disorder in samples^^’^^. To show that we have a 
stable and reproducible procedure for obtaining bulk in¬ 
sulating Bi 2 Te 3 samples, we have also grown our films 
on STO[lll] substrates. Eigure 4 depicts an illustrative 
ARPES I{k^E) image from a 15 nm Bi 2 Te 3 film grown 
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FIG. 4 (color on-line) ARPES spectra around the F 
point of a 15 nm Bi 2 Te 3 film grown on SrTiOs [111]. As 
was the case for the film grown on sapphire, for this 
sample only the topological surface states cross the 
Fermi level. 


on STO. The data from the film grown on STO substrate 
agree with those from films grown on sapphire in that the 
Fermi level is clearly situated in the bulk band gap. This 
finding also confirm that despite large lattice mismatch 
between the film and the substrate^^, intrinsic Bi 2 Te 3 
films are grown. In particular, one can exploit these bulk 
insulating Bi 2 Te 3 films grown on STO for fabrication of 
hybrid devices consisting of bottom gate-tunable topo¬ 
logical insulator interfaced to either a superconductor or 
ferromagnet, by using STO [111] substrate as a back gate 
because it has a very high relative dielectric constant at 
low temperature^^ 

To investigate the effect of UHV storage (at room tem¬ 
perature) and oxidation on the band structure of our 
Bi 2 Te 3 films, we compare STS spectra of a film mea¬ 
sured after one day in the STM chamber, with spec¬ 
tra taken after 6 weeks and after being oxidized for 10 
minutes at 1 atm. The oxidation was performed in the 
load lock of the STM system, at atmospheric pressure. 
From all three traces in Fig. 3(a) it is remarkable to 
observe that even after keeping films in-situ for weeks 
and allowing them to interact with pure oxygen, no no¬ 
ticeable degradation and no corresponding shifts in the 
STS spectra take place. The overall key features: the 
linear surface band, the plateau due to ‘warping’, and 
the position of the Fermi energy relative to the bulk 
bands, remain unchanged. This observation is further 
confirmed by the ARPES data shown in Eig. 3(b) and 
Eig. 4 since these samples were measured after storage 
for three days in the UHV suitcase (P^ 2 x 10“^^ mbar); 
and no bulk conduction bands were observed. Aging ef¬ 
fects have been reported in ARPES data from bulk single 
crystals of Bi 2 Te 3 within hours after cleavage under UHV 
conditions^^’^^. As for our films, the surface is stable as 


long as they are kept in-situ in UHV conditions (see Eig. 
S6 in the supplementary information) or when exposed 
to pure oxygen. This conclusion is consistent with re¬ 
cent in-situ four-point probe conductivity, angle resolved 
photoemission spectroscopy and conductive probe atomic 
force microscopy studies^’^^. 

Next, we study the effect of exposure to ambient con¬ 
ditions. This is relevant for the understanding of how 
ex-situ contamination processes affect surface and bulk 
states of Bi 2 Te 3 films for future ex-situ fabricated hybrid 
topological insulators devices. Eor this investigation, we 
employ both STM/STS and ARPES since they are com¬ 
plementary tools for probing reliably the band structure 
of materials. Eigure 5(a) depicts an ARPES I{k^E) im¬ 
age of the 20 nm Bi 2 Te 3 film grown on sapphire. This 
time, the sample was measured at room temperature be¬ 
fore exposure to ambient conditions. This I{k,E) image 
was recorded after the sample had been in the ARPES 
chamber for 5 days, after measurement of the low-T data 
shown in Eig. 3(b) (which themselves were after three 
days in UHV suitcase and transfer to ARPES setup). 
The Eermi level is still lying below the bottom of the bulk 
conduction band (B-BCB). Erom this room temperature 
ARPES spectra, states up to ^50 meV above the Eermi 
level are resolved due to thermal population. We took 
this 20 nm film measured in-situ^ both at room and low 
temperature, out of the ARPES system and exposed it 
to air for 10 minutes. After this exposure, we loaded the 
sample again (no further treatments such as annealing of 
the sample) and reacquired ARPES data in order to as¬ 
sess the infiuence of air exposure on the band structure of 
our Bi 2 Te 3 films. We can clearly see from Eig. 5(b) that 
bulk valence bands have moved downward after exposure 
and compared to the pristine sample, evident changes in 
the linearly dispersing Dirac surface states are observed. 
There are no surface states resolved after exposure to 
air, implying that the film degradation is deeper than 
the probing depth of the ARPES experiment (~1 nm). 
Thus, the conductance of the films will be infiuenced by 
this downward shift of bulk bands, and the correspond¬ 
ing upward shift of Ep. Recently, upward shift of Ep 
in Bi 2 Te 3 films exposed to air has also been reported in 
ARPES study^ 

We now discuss the effect of exposure to air in 
STM/STS data. We took the previously in-situ mea¬ 
sured 30 nm Bi 2 Te 3 film grown on sapphire out of the 
STM system and exposed it to air for 10 minutes. Af¬ 
ter this procedure, we acquired several topography and 
spectroscopy maps at different position on the exposed 
surface. We used the same setpoint parameters as for 
the spectra shown in Eig. 3(a). We observe once more 
clear changes in the general shape of the spectra (Eig. 
S5 in the supplementary information): most notably, the 
region previously associated with linearly dispersing sur¬ 
face bands is absent in the exposed sample. This obser¬ 
vation is consistent with our ARPES data of the exposed 
20 nm film (see Eig. 5(b)) since there also, a clear degra¬ 
dation of the Dirac surface states was observed. 
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FIG. 5 (color on-line) Effect of air exposure under 
ambient conditions on spectroscopy and topography of 
Bi 2 Te 3 films grown on sapphire, (a) ARPES spectra 
around the F point of a 20 nm film before and (b) after 
10 minuntes exposure to atmospheric pressure, (c) STM 
topography (6 x 3.5nm^) of a 30 nm film after exposure 
to ambient conditions. The surface tellurium atoms 
with a hexagonal crystal structure (right bottom insert) 
are still resolved together with noticeable defects as 
compared to before exposure (same sample as in Fig. 
2 (c)) to ambient conditions. 


Based on a comparison of measured STM topographies 
before and after exposure, we find indications that extrin¬ 
sic defects due to contamination are responsible for the 
observed degradation of the surface states in the spec¬ 
troscopic measurements. Figure 5(c) shows atomically- 
resolved STM topography image of a 30 nm Bi 2 Te 3 film 
after exposure to ambient conditions, in which additional 
defects can be readily identified. On top of the observed 
defects and the observed disappearance of surface states, 
also shifts in the position of the bulk bands due to band 
bending are observed in the STS spectra (see Fig. S5 
in the supplementary information). Whether bands shift 
upward or downward might sensitively depend on the 
exact exposure conditions as well as the position where 
spectra are taken (e.g. close to a defect). Nonetheless, 
from the combined ARPES and STS spectroscopic data 
it is clear that exposure to ambient pressures changes no¬ 
tably the surface states of our Bi 2 Te 3 thin films. These 
results underline the need of protecting films before tak¬ 
ing them ex-situ for further studies, since extrinsic de¬ 


fects may be responsible for the change of sign of the 
carriers in the surface conductivity of TIs^^; for the dete¬ 
rioration of the topological surface state properties'^ and 
the reduction of the spin polarization^^. 

The XPS surface analysis of the exposed sample reveals 
a splitting of the Te 3^3/2 and Te 3d^/2 peaks consistent 
with the formation of tellurium oxide"^^ (Te02), see Eig. 
S2(b) and S2(c) in the supplementary information. Since 
it was already shown that only pure oxygen doesn’t af¬ 
fect topological surface states (see above and Ref.^) we 
believe that other molecules from atmosphere, most likely 
water vapour, are the origin of the observed contamina¬ 
tion. This conclusion emphasizes that for further ex-situ 
electronic transport investigations and quantum device 
fabrication, films should first be capped in-situ to avoid 
any possible contamination as has already been indicated 
for Bi 2 Se 3 thin films^^. Eor Bi 2 Te 3 films, though, a sys¬ 
tematic study is needed in order to determine a suitable 
capping layer that can preserve the surface states and 
avoid unintentional doping induced by ambient condi¬ 
tions. An insulating layer would be appropriate since it 
will allow the fabrication of nearly damage-free top gate 
structures, so that the carriers in the top surface can be 
efficiently tuned"^^ 

In summary, we have systematically investigated the 
effect of in-situ exposure to pure oxygen at atmospheric 
pressure and of ex-situ contamination on high quality 
intrinsic Bi 2 Te 3 films grown sapphire and STO. The 
XPS studies shows narrow and symmetric Te and Bi 
peaks highlighting the absence of Te or Bi excess in our 
films. STM confirms that the surface has atomically fiat 
terraces and is free from intrinsic defects. The analysis 
of STS spectra underlines that the surface states of 
Bi 2 Te 3 films are stable against oxidation and do not 
degrade as long as they are stored in-situ in ultra high 
vaccuum or in pure oxygen. ARPES data recorded 
from films grown in the same manner further confirms 
the presence of topological surface states with no bulk 
bands at the Eermi level. This study also provides 
a platform to investigate bottom gate tunable hybrid 
transport^^’^^ at the surface of intrinsic Bi 2 Te 3 films 
grown on STO [111] substrates. The combined in- and 
ex-situ spectroscopy study reported here emphasizes the 
importance of capping these films before exposure to 
subsequent device fabrication steps. A possible route 
is to in-situ cap the Bi 2 Te 3 and other TI films with an 
insulating AlOx layer. 
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I. XPS MEASUREMENTS 

X-ray photoemission spectroscopy (XPS) spectra were taken in-situ using an Omicron Nanotechnology system 
equipped with a monochromatic aluminum source {Ka x-ray source XMIOOO) with a photon energy of 1486.7 eV. The 
background pressure was ^ 5 x 10“^^ mbar. The kinetic energy of electrons emitted from the sample were analyzed 
using a 7 channel EA 125 electron analyzer operated in CAE mode. XPS measurements were performed a few hours 
after film growth, with the films having remained in UHV at all times. 


(a) (b) (c) 




Binding Energy (eV) 


Figure SI: (color on-line) In-situ XPS measurement on a 20 nm Bi 2 Te 3 film grown on sapphire that was 
subsequently measured in ARPES experiment (see Fig. 3(b)). (a) Survey scan taken a few hours after the film 
growth. Only Bi and Te peaks are resolved, (b) and (c) High-resolution scans around the Bi 4/ and Te 3d main 

peaks, respectively. 
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Figure S2: (color on-line) Effect of ex-situ exposure on a 30 nm Bi 2 Te 3 film grown on sapphire, (a) An XPS survey 
scan when the sample is measured in-situ (blue) and after being exposed to ambient conditions (red). After ex-situ 
exposure, oxygen and carbon peaks appear. High resolution Bi 4/ (b) and Te 3d (c) XPS spectra before and after 
short exposure. After exposure, there is a clear formation of a Te 02 layer, whereas Bi 203 formation is barely 
noticeable. This is consistent with the fact that the surface in an ideal crystal is terminated by tellurium atoms^. 
The bismuth oxidation would be expected to become significant, after the tellurium outer layer has been completely 

oxidized. 


II. XRD MEASUREMENTS 


To further characterize our films, additional ex-situ x-ray diffraction (XRD) measurements were done, which in¬ 
dicated the high crystalline quality of our Bi 2 Te 3 films, grown using the two-step procedure described in the main 
body of the paper. We show below XRD data of a 30 nm film grown on AI 2 O 3 [0001] and a 15 nm film grown on 
STO [ 111 ]. The film on sapphire was measured at low temperature using STM/STS, whereas the film on STO was 
measured using ARPES (See main text). 



Figure S3: (color on-line) Ex-situ XRD measurements, (a) and (b): 20 — uj scans of Bi 2 Te 3 films grown on 
sapphire and STO. Only the substrate peaks and the (0 0 3) family of Bi 2 Te 3 diffraction peaks are resolved, (c) and 
(d): Rocking curves of the Bi 2 Te 3 main peak at (0 0 6 ). (e) A 2 D reciprocal space map of a 30 nm film grown on 
sapphire. Positions of the AI 2 O 3 (10 8 ) and Bi 2 Te 3 (1 0 20 ) and (1 0 19) peaks are shown, (f) X-ray reflectivity data 
of a 15 nm film grown on STO showing distinct Kiessig fringes over more than five orders of magnitude in intensity. 
Despite the significant lattice mismatch between the film and substrates^’^, high structural-quality films are grown. 
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III. MODEL CALCULATION OF DENSITY OF STATES AND DISPERSION RELATIONS 

To model Bi 2 Te 3 dispersion relations along the V — M and V — K directions, we used the k-p Hamiltonian described 
in Refd’^ to calculate the Green’s function and subsequently the Density Of States (DOS). This model includes 
anisotropic higher order terms, for example describing the outward bending of the Dirac cone along the V — M 
direction at the energy close to the maximum of the valence band, also present in ab-initio calculations^. We used 
as few parameters as possible to describe the measured ARPES dispersions. The parameters used are (in the same 
notation as Ref.^): m\ = -0.054 v = 2.55 eVA, a = 5.5 eVA^, A = 250 eVA^ and the chemical potential 

li = 225 meV above the Dirac point, which coincides with the data from the STS experiments. The Green’s function 
was calculated on a grid of 1200 x 1200 /c-points with an energy step of 3 meV. Figure S4 (a) and (b) show the 
spectral functions obtained by summing the imaginary parts of the diagonal components of the Green’s function. 
The DOS, shown as inset in Fig. 3 (a) in the main text, was obtained by integrating the spectral functions over the 
Brillouin zone. 


(a) (b) 

M ^_r_.M K._r_ 



- 0.2 0.0 0.2 - 0.2 0.0 0.2 


k (1/A) k (1/A) 

Figure S4: (color on-line) Calculated spectral functions of Bi 2 Te 3 along the (a) F — M and (b) V — K directions. 
Outward bending of the Dirac cone is observed only along the T — M direction. 








4 


IV. STM SPECTROSCOPY BEFORE AND AFTER EXPOSURE TO AMBIENT CONDITIONS 

To investigate the impact of exposure to ambient conditions, the 30 nm Bi 2 Te 3 film grown on sapphire was exposed 
for 10 minutes to ambient conditions, then loaded back into the STM chamber. After this procedure, we took several 
topography images at different positions on the exposed surface. We used the same setpoint parameters as for the 
spectra discussed in the main text. The differential conductance curves before and after atmospheric exposure are 
plotted together below. Clear changes in the general shape of the spectra are observed, as was also the case for the 
ARPES spectra of the film exposed to air (Fig. 5 (b) in the main text and related discussions). 



Figure S5: (color on-line) Conductance spectra of a film exposed for 10 min exposed to ambient (air) conditions. 
Before exposure (blue) and after exposure (green). The region previously associated with linearly dispersing surface 
bands is absent in the exposed sample, highlighting the deterioration of surface states after exposure to ambient 
conditions as observed in the ARPES data (see Fig. 5(b) in the main text). 
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V. ARPES MEASUREMENTS 


ARPES spectra in the vicinity of the Fermi level were also acquired on Bi 2 Te 3 films grown on SrTiOs [111] substrates. 
The spectra were taken both at low 17K) and room temperature using a Scienta VUV5000 helium photon source of 
21.2 eV photon energy (He I line) and 40.8 eV (He H line) for valence band spectra; and a Scienta 2002 hemispherical 
electron analyzer. 

Figure S6 (a) shows an illustrative ARPES spectra of a 15 nm Bi 2 Te 3 film grown on STO in two steps growth at 
a substrate temperatures of 190°C (first layer) and 250°C (second layer). Spectra were taken at low temperature. 
Only topological surface states intersecting the Fermi level are observed for this sample also. To investigate the effect 
of UHV exposure on the electronic structure of these films, we performed ARPES measurements over different time 
intervals in UHV condition, with the results shown in Fig. S6 (a)-(d). 


First day at start 
of measurement 

(a) 



- 0.2 0.0 0.2 


k (1/A) 


After ~lh 10 min in UHV 


(b) 



- 0.2 0.0 0.2 
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(C) 


Next day at start 
of measurement 


After-55 min in UHV 

(d) 



Figure S6: ARPES spectra of a 15 nm thick Bi 2 Te 3 film grown on SrTi 03 [111]. Measurements were taken over 
different time intervals in UHV conditions during ARPES measurements, (a) Only topological surface states at the 
Fermi level are observed at the beginning of the experiment, (b) but after ^ Ih 10 min bulk conduction bands start 
to bend downward due to surface adsorption effect from probably the residual gases (H 2 ,CO, N 2 ). (c) Raising 
temperature back to room temperature and allowing the sample to recover for sometime in UHV conditions resets 
the amount of band bending by desorption of the adatoms. The spectrum was measured after recooling to ^ 17 K 
(d) The downward bulk band bending reappears again after ^ 55 min during low-temperature ARPES 
measurements. These observations further support the fact that our films do not degrade in UHV conditions. 
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